A maskless technique for the fabrication of U-shaped microstructure arrays on the surface of photosensitive glass by femtosecond laser-induced modification is developed. This technique is followed by heat treatment to crystallize the modified area, and the specimen is then placed in acid solution for chemical etching. The surface roughness of the microstructures is further improved by a secondary annealing process. The fabricated photosensitive glass is used as a mold template, and replicated plano-convex cylindrical arrays by UV-replica are also presented. The focusing ability of the microlens arrays on the glass mold and replicate is demonstrated.
Introduction
Foturan glass is a type of photosensitive glass commercially available from Schott Glass Corporation [1] . Its material composition is that of lithium aluminosilicate glass doped with some cerium and silver. With its unique optical transparency in the visible wavelength, chemical stability, and thermal resistance properties, it is becoming a promising material for a wide variety of applications in microsystems, micro-fluidics, micro-optics, and bio-chips [2] .
2D-or 3D-microstructures have been fabricated on the surface of or inside Foturan glass by infrared femtosecond laser pulses [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Since Foturan glass has high transmissivity (>90 %) at the infrared wavelength [12, 13] , nonlinear multiphoton absorption only occurs at the focal point with high peak power intensity and can precisely confine the absorption regions, resulting in a more precise fabrication of the microstructures [14] .
This fabrication process which uses an infrared femtosecond laser can be explained as follows. The free electrons in the conduction band are excited by multi-photon absorption, and some of the free electrons reduce the silver ions to silver atoms [15] . This is followed by heat treatment to crystallize the modified area, in which the silver atoms diffuse to form silver clusters at about 500°C with suitable annealing time [16] ; then, the crystalline phase of the lithium metasilicate grows around the silver clusters, which act as a nucleus at about 600°C [3] . After the heat treatment process, the modified area is selectively etched, since the crystallization area is more soluble in HF acid solution (e.g. the etching rate is about 20:1 between the crystallization and unirradiated area [12] ), and results in the formation of the fabricated microstructures.
Recently, the authors [17] prepared microlens arrays embedded in Foturan glass by femtosecond laser direct writing. The advantage of this technique was that it provided an approach for the fabrication of 3D structures with arbitrary shapes. However, the relatively low throughput of the femtosecond laser direct inducing process limits its potential for high volume manufacturing. Mass production techniques, such as embossing or injection, are suitable for the mass production of plastic parts. Recently, the authors [18] used a femtosecond laser for the surface micromachining of transparent materials, i.e. fused silica as master molds for mass production, and the replication of elastomeric PDMS as molding material was demonstrated. In the previous work [19] , the replication of microchannel structures in polymers using a microstamping process with a Foturan glass stamp fabrication with KrF excimer laser (248 nm) was presented. However, the process required the use of a patterning mask and, thus, the characteristic size of the resulting structures was limited by the optical diffraction properties of the mask.
In this study we have proposed and developed a maskless technique for fabricating U-shaped microstructure arrays on the surface of Foturan glass by femtosecond laserinduced modification followed by heat treatment, chemical etching, and secondary annealing. U-shaped microstructure arrays with a width (depth) of about 100 μm (30μm) were developed. The fabricated Foturan glass was used for the master stamp, and replicated polymer microstructures, i.e. plano-convex cylindrical microlens arrays, were also developed. The replicated microstructures were then used as optical components to demonstrate their focusing ability. 
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Experimental
Fig . 1 shows the schematic layout of the experimental setup for femtosecond laser machining. A regenerative amplified mode-locked Ti:Sapphire femtosecond laser (SPIT FIRE, Spectra-Physics) with a repetition rate of 1 kHz, a pulse duration of ~120 fs, a central wavelength of 800 nm, and a maximum pulse energy of 3.5 mJ was used. In order to adjust the energy of the laser beam, the linear polarized Gaussian beam emitted from the laser was attenuated by a rotatable half-wave (λ/2) plate and a polarizing beam splitter (PBS). The transmitted component of the laser beam was incident upon a beam splitter, the reflected beam was launched into a power detector, and the laser irradiation energy was measured. Meanwhile, the transmitted linearlypolarized laser beam was passed through a shutter and a series of reflective mirrors, subsequently entering a 10x objective lens (numerical aperture 0.26, M Plan Apo NIR, Mitutoyo). The position of the objective lens was adjusted in the vertical (i.e. Z-axis) direction, and the femtosecond laser's focused spot diameter was about 5 μm. Microstructures were produced by translating the sample using an X-Y stage and translating the laser-focused position using a Z stage. After the laser irradiation process, the Foturan glass was first heated up to 500°C at a rate of 5°C/min and held at this temperature for 1 h; the temperature was then ramped up to 600°C at a rate of 3°C/min and held for another hour. Finally, the samples were cooled to room temperature under ambient conditions. After the samples cooled to room temperature, they were immersed in an 8% hydrofluoric acid (HF) etchant in an ultrasonic bath at room temperature for an etching time of 50 min.
The UV replication experiments were realized by a UVcured imprint lithography machine with the femtosecond laser structured glass mold template. Photo-curing material (FL0881, Everwide Chemical) was used as the molding material. The processing parameters were: imprint pressure 98 kPa, imprint time 305 s, imprint delay time 5 s, and UV curing time 300 s. The morphologies of the glass mold and replicate were observed by optical microscope and scanning electron microscope (SEM). Depth and roughness were measured by alpha-step and atomic force microscope (AFM), respectively. Fig. 2 shows the schematic layout of the experimental setup for measuring the performance of the microlens arrays. An He−Ne laser (wavelength 632.8 nm) beam was incident through a spatial filter which consisted of a 10x lens and a pinhole. The transmitted laser beam was passed through an optical lens (focal length 100 mm), resulting in a parallel laser light. The diameter of the transmitted laser beam was adjusted by an iris and, subsequently, the beam entered the microlens arrays. The laser intensity distribution at the focal plane was observed by a CCD camera.
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Microlens array CCD Objective Fig. 2 : Schematic layout of the experimental setup for measuring the optical performance of the microlens arrays. Fig. 3(a) presents a microscopic image of the line pattern fabricated on the surface of the Foturan glass at a scanning speed of 0.05 mm/s and a laser power of 0.27 mW. Note that the specimen was unheated and unetched. It could be seen that the surface within the laser-irradiated area was slightly clearer than that within the unirradiated region. The irradiated sample was then heated, and it was found that the line pattern of the crystalline phase turned brown while the amorphous phase was still clear, as shown in Fig. 3(b) . Fig. 3(c)-(d) show microscopic and SEM images of the line pattern after chemical etching, which showed that the line had a width of around 45 μm.
Results and Discussion
However, as shown in Fig. 3(d) , some ripple-like structures were observed at the bottom of the line pattern; these will degenerate the surface quality of the replicated structures. Thus, in this study, a secondary annealing technique was used to improve the surface quality and was carried out by further annealing the sample at 560°C for 5 h [2, 6] . Fig.  4(a) shows the SEM image of the line pattern after the secondary annealing, and it was found that the ripple-like structures had disappeared. Fig. 4(b) shows the AFM image on the bottom of the line pattern, and the surface roughness was found to be 10.2 nm. Fig . 5 illustrates the variations in the measured fabricated line depth on the glass mold and its replication depth as a function of the laser power (1.5~1.8 mW) at a scanning speed of 0.05 mm/s. It was observed that the line depth increased with increasing laser power. However, the etch width was almost constant (about 100 μm), which was caused by the over-etching on the amorphous regions [20] . The pitch of the line arrays on the glass mold and its replicate was 100 μm. The surface roughness on the top of the molding line pattern was 18.1 nm. The dimensional disagreement between the mold structure and the molding structure was about 5% (calculated from the average depth difference). The focusing ability of the glass mold (plano-concave cylindrical microlens arrays) is shown in Fig. 7 . The distance between the two focus lines was about 100 μm, which was consistent with the planoconcave microlens arrays. The focusing ability of the replicated parts (plano-convex cylindrical microlens arrays) is shown in Fig. 8 . Fig. 8(a) is the focal plane image of the line array, and the distance between the two focus lines was about 100 μm, which was consistent with the plano-convex microlens arrays. Fig. 8(b)-(c) show the magnification image of a focused line and its cross section profile, respectively. Therefore, we determined that the replicated microlens arrays had the potential for use as optical components. 50 μm 
Conclusions
We fabricated U-shaped microstructure arrays on the surface of Foturan glass using a femtosecond laser-induced modification process followed by heat treatment, chemical etching, and secondary annealing. The experimental results showed that microstructures with a width (depth) of about 100 μm (30μm) could be fabricated on the surface of Foturan glass by carefully controlling the laser irradiation parameters. It was proven that the replicated microlens arrays from the glass mold could focus lights and, therefore, were suitable for use as optical components.
